Cellular studies indicate that endocannabinoid type-1 retrograde signaling plays a major role in synaptic plasticity. Disruption of these processes by delta-9-tetrahydrocannabinol (THC) could produce alterations either in structural and functional brain connectivity or in their association in cannabis (CB) users. Graph theoretic structural and functional networks were generated with diffusion tensor imaging and resting-state functional imaging in 37 current CB users and 31 healthy non-users. The primary outcome measures were coupling between structural and functional connectivity, global network characteristics, association between the coupling and network properties, and measures of rich-club organization. Structural-functional (SC-FC) coupling was globally preserved showing a positive association in current CB users. However, the users had disrupted associations between SC-FC coupling and network topological characteristics, most perturbed for shorter connections implying region-specific disruption by CB use. Rich-club analysis revealed impaired SC-FC coupling in the hippocampus and caudate of users. This study provides evidence of the abnormal SC-FC association in CB users. The effect was predominant in shorter connections of the brain network, suggesting that the impact of CB use or predispositional factors may be most apparent in local interconnections. Notably, the hippocampus and caudate specifically showed aberrant structural and functional coupling. These structures have high CB1 receptor density and may also be associated with changes in learning and habit formation that occur with chronic cannabis use. K E Y W O R D S cannabis, connectome, functional connectivity, structural connectivity, structural-functional coupling
Functional neuroimaging studies, which examine correlations in activity between brain regions, suggest that acute THC administration alters resting-state functional connectivity (FC) .
Chronic CB users exhibited altered functional recruitment of the prefrontal cortex (Batalla et al., 2013) , inhibitory control networks (mean age = 23.7 years ; Filbey & Yezhuvath, 2013) and regions spanning the cerebellum to the prefrontal cortex (mean age = 19.3 year; Cheng et al., 2014) . Diffusion tensor imaging (DTI) provides a way to map network organization using white matter (WM) tractography to examine structural connectivity (SC) between gray matter regions (Sporns, Tononi, & Kotter, 2005) . The integration of SC with FC allows the characterization of functional dynamics of the brain in terms of spatial topology (Greicius, Supekar, Menon, & Dougherty, 2009; Honey et al., 2009 ). This approach, termed structural-functional (SC-FC) coupling, is defined by the association between FC and SC allowing more sensitive detection of subtle brain alterations than any single imaging modality (Zhang et al., 2011) . Importantly, the structural network constrains the functional network to regions with direct connections.
It therefore would be well suited to test how observed cellular alterations in synaptic connectivity and signaling impact the functional organization of the brain in human CB users. While SC-FC coupling has not yet been assessed in CB users, this approach has shown alterations in other neuropsychiatric disorders. For example, SC-FC coupling disturbances have recently been reported in schizophrenia, a neuropsychiatric disorder for which CB use is a risk factor (Alexander-Bloch et al., 2013; Van den Heuvel et al., 2013) .
In this study, we tested whether the association of the structurefunction network was affected in current CB users. We anticipated that the association (i.e., coupling) between SC and FC of CB users would be "globally" preserved, that is, the intact positive coupling in the whole brain connectivity, which is also known to be dependent on the connection distance (Honey et al., 2009) . Structural neuroimaging abnormalities in adult CB users have been most consistent for regions high in CB receptors (Jakabek, Yucel, Lorenzetti, & Solowij, 2016) .
Thus, we expected that alterations of SC-FC coupling would be found in these "local" regions rich in CB1 receptors, associated with regionally-specific topological changes of connectivity. In addition, the importance of "Rich Club" (RC) connections with regard to SC-FC coupling has been previously demonstrated (Collin, Sporns, Mandl, & Van den Heuvel, 2014b) . Rich-club nodes of a network have been defined as the nodes that are not only much more connected but also highly linked among themselves (Van den Heuvel & Sporns, 2011) .
Since the regions of higher CB1 receptor density overlap with central hub regions in the brain network identified by RC (Jakabek et al., 2016; Van den Heuvel & Sporns, 2011) , we also hypothesized that RC regions with higher CB1 receptor density would exhibit alterations of SC-FC coupling in CB users.
| MATERIALS AND METHODS

| Participants
Participants were recruited from the Indiana University campus and the surrounding community through flyers and advertisements in local publications. Subjects who passed an initial phone screen they were invited into the laboratory for assessment. Subjects first provided verbal and written informed consent, after which demographic, cognitive, questionnaire, substance use information and a diagnostic interview were obtained. All subjects were required to be 18 years of age or older, and free of any neurological disorder, head trauma with loss of consciousness greater than 10 min, learning disability, and contraindication to MRI. Subject demographic information is provided in Thirty-one healthy control subjects without psychiatric disorders were recruited. Exclusion criteria included absence of an Axis I disorder, a history of substance abuse or dependence, a positive urine screen for CB or other substances, use of CB in the past 3 months and more than 12 lifetime exposures to CB (mean lifetime exposures = 0.8). All control participants were interviewed using the SCID-NP (non-patient version; First, Spitzer, Gibbon, & Williams, 2002) to exclude individuals with psychiatric diagnoses. Thirty-seven current CB users were recruited who were recently using CB at least once per week, with mean monthly exposure of 32.6 and lifetime exposures ≥45. All users were free from the current Axis I disorders and any other illicit substance abuse or dependence other than CB use disorders. Psychiatric diagnoses were ascertained with the Structured Clinical Interview for DSM-IV-TR (SCID-I) Research Version (First, Spitzer, Gibbon, &Williams, 1994) . A written drug use questionnaire and a 6-month time line follow back assessment was used to estimate recent and past use of CB. Three variables characterizing use of CB were chosen for statistical analyses: age of onset of first CB use, lifetime number of exposures to CB, and number of exposures to CB in the past month. Both age of onset and total lifetime exposures have been associated with risk for subsequent psychotic disorders, and thus represent potential predictors of brain network changes linked with vulnerability to psychosis . CB use in the past month assessed possible effects of CB metabolites on brain connectivity. The Wechsler Abbreviated Scale of Intelligence (WASI) was administered to estimate currently intellectual function. Groups did not significantly differ in age, IQ, alcohol use, gender, or race (p > .05); however, the CB group had fewer years of education (14.0 vs. 15.4 years; Table 1 ). Subjects were asked to refrain from alcohol or CB use prior to the MRI scan. At screening, 11 subjects (including 1 control subject) identified themselves as a smoker on the Fagerstrom Nicotine Dependence Questionnaire, of which only three subjects (without controls) scored above a zero (two scored a 1 and one scored a 2), which is indicative of "very low dependence" (Heatherton, Kozlowski, Frecker, & Fagerstrom, 1991) . At the time of MRI scan, nine subjects self-reported nicotine use within the past 7 days. 
| MRI acquisition
| Anatomical parcellation
Preprocessing of T1-weighted MRI was performed using Freesurfer (http://freesurfer.net). The cortical regions were parcellated into anatomically distinct 68 cortical and 14 subcortical regions using Desikan-Killiany atlas, and automatically subdivided into a set of 1,014 smaller regions, each of which was a network node (Supporting Information Figure S1A ) using Connectome Mapper (Hagmann et al., 2008) . This approach resulted in approximately identical node sizes across both hemispheres [mean AE SD = 0.68 AE 0.3 cm 3 ].
| DTI preprocessing
DTI distortion correction was performed using the FSL toolbox (http:// fsl.fmrib.ox.ac.uk/fsl/fslwiki). Susceptibility-induced off-resonance field was estimated using two acquisitions with opposing polarities of the phase-encode blips (i.e., AP and PA directions) by TOPUP (Andersson, Skare, & Ashburner, 2003) . Correction for the susceptibility, eddy current, and movement-related image distortions were performed using EDDY (Andersson & Sotiropoulos, 2016) . No significant difference between groups for head movements was found (mean AE SD in mm;
CB: 1.0 AE 0.4; HC: 0.9 AE 0.1; t = 1.15, p = .25). A diffusion tensor was fitted at each voxel using nonlinear iterative method to avoid negative eigenvalues, and its directional uncertainty was computed using a 100-times jackknife resampling algorithm (Taylor & Biswal, 2011) . Fiber tracts from the seeded white matter regions were generated using the probabilistic algorithm with voxel-wise directional uncertainty [fractional anisotropy (FA) > 0.1; direction change <60 ; tract length > 1 cm; 30 seeds per voxel; 1,000 Monte-Carlo iterations, generating 30,000 trials at each voxel] (Taylor & Saad, 2013) . Consistent with previous investigations, structural connectivity (SC) between any pair of nodes was defined as a normalized weight computed by the number of streamlines between interconnected regions (Supporting Information Figure S1B ) ( 
| Resting-state fMRI preprocessing
Resting-state fMRI was preprocessed similar to standard functional connectivity preprocessing (Smith et al., 2013) using AFNI (http://afni. nimh.nih.gov); de-spiking, slice timing correction, motion correction, normalization to a Talairach template, within-run intensity normalization to a whole-brain mode value of 1,000, removal of nuisance time series [6 motions, white matter and ventricular signals (eroded by one voxel), with their derivatives] using linear regression, temporal bandpass filtering (0.009-0.08 Hz), spatial smoothing only in the gray matter mask (6-mm full width at half maximum). A whole brain signal was not included in nuisance covariates given on-going controversy regarding its value (Saad et al., 2012) . Volumes with high motion were censored to decrease potential motion-induced bias of functional connectivity. We used thresholds with a frame-wise displacement (FD) of 0.5 and a percentage of BOLD signal changes over the whole brain of 0.5, above which scans (including 1 backward and 2 forward volumes)
were removed (Power, Barnes, Snyder, Schlaggar, & Petersen, 2012) .
No significant difference was found in the number of censored volumes from 1,000 resting-state scans between two groups (mean AE SD; CB: 32.2 AE 76.6; HC: 17.2 AE 26.0; t = 0.47, p = .64).
| Structural and functional connectivity
Consistent with previous investigations, structural connectivity (SC) between any pair of nodes was defined as a normalized weight computed by the number of streamlines between interconnected regions (Supporting Information Figure S1B ) (Van den Heuvel & Sporns, 2011; Van den Heuvel et al., 2013) . Functional connectivity (FC) was estimated using Pearson's correlation coefficient (r) between mean BOLD time-series from all pairs of 1,014 brain regions and converted to z-scores using Fisher's r-to-z transformation (Supporting Information Figure S1B ).
| Structural-functional coupling
All nonzero elements of the structural connectivity matrix (i.e., the upper triangular part of 1,014 × 1,014 SC matrix) were extracted and rescaled to a Gaussian distribution (mean AE SD = 0.5 AE 0.1) (Hagmann et al., 2008; Honey et al., 2009 ). This rescaling step was motivated by the observation that structural connectivity weights computed from streamline counts often shows a highly skewed (e.g., exponential) distribution, which is unlikely to reflect physiologically meaningful coupling strength (Honey et al., 2009) ; rescaling preserves the rank order of tract weights. Coupling between structural connectivity and its functional counterparts was computed as a Pearson's correlation coefficient between these two measures. While the SC-FC coupling was decreased in some disease states representing a progress of the disease-related SC-FC impairment (Skudlarski et al., 2010; Zhang et al., 2011) , it has also been suggested to be increased in more stringent functional interaction restrained with underlying anatomical connections reflecting both the normal development (Hagmann et al., 2010; Supekar et al., 2010) 
| Distance dependence of connectivity measures
As described previously (Honey et al., 2009; Salvador et al., 2005) , associations between the connection distance (measured by fiber distance between two regions) and connectivity measures were computed, in which distance measures were converted to the logtransformed distance for SC and the inverse of the fiber distance between regions for FC, respectively (Honey et al., 2009 ).
| Network characteristics
To investigate structural substrates of the SC-FC coupling between two groups, global network properties of the structural connectivity were additionally computed using the Brain Connectivity Toolbox small-worldness (σ)], 1,000 instances of randomly rewired null model matrices (preserving the connections weights, the number of connections, edges, and degree sequences) were generated (Maslov & Sneppen, 2002) .
| Rich-club organization
To subsequently examine the regional impact of SC-FC coupling, a rich-club (RC) in the structural network was defined as a set of highdegree (i.e., "rich") nodes which were also densely interconnected, more so than expected based on a random null model (Van den Heuvel & Sporns, 2011) . Weighted RC organization was quantified for each individual (Opsahl, Colizza, Panzarasa, & Ramasco, 2008) . After all weights (w) in the SC matrix were ranked (w ranked ), the weighted RC coefficient (ϕ) was computed as a function of node degree (k: the number of connections at each node) by ϕ k
which W >k and E >k mean the sum of weights and the number of connections for >k nodes, respectively. The computed RC coefficient, ϕ(k), was normalized to the mean RC coefficient from 1,000 random null matrices to test whether the actual density of interconnections significantly exceeded that of the null model (Sporns, 2012) . Because the degree distributions of the SC matrices differed across individuals, all node degrees were normalized to allow the comparison of equalsized networks for CB users and healthy non-users (Supporting Information Figure S1C ) (Ball et al., 2014; Kim et al., 2017) . From the normalized degree distribution across the subjects, we defined RC regions with the top 10% node degree (>32) as in the previous studies (Ball et al., 2014; Kim et al., 2017) .
| Statistical analysis
Nonparametric randomized permutation testing (10,000 permutations) was used for group comparisons for global and regional SC-FC coupling, RC coefficient, and network metrics. The associations between SC-FC coupling and network metrics were compared using a two-tailed Fisher's z-test with false-discovery rate (FDR) corrected p < .05. Statistical comparisons between groups include educational length, age, sex, and alcohol use as covariates.
3 | RESULTS
| Preserved global SC-FC coupling in CB users
SC and FC across the subjects showed a positive correlation (r = 0.34, p < 10 −10 ; Figure 1a ), consistent with a previous study (Honey et al., 2009 ). The magnitude of this correlation did not differ significantly between groups (t = 0.41, p = .34, Cohen's d = 0.13; Figure 1b ), suggesting that the global SC-FC association of the CB users did not differ from healthy non-users. No significant differences were found in the group comparison of global network measures for both SC and FC networks (all p > .05)-that is, characteristic path length (λ), GE, clustering coefficient (γ), modularity (Q), and small-worldness (σ),
suggesting the intact global network architecture from the sole connectivity in both HC and CB groups.
| Disrupted association between structural network measures and SC-FC coupling in CB users
SC-FC coupling in non-users was positively associated with network efficiency (GE: r = 0.44, p = .02; Figure 1c ) and negatively associated with path length (λ: r = −0.38, p = .04; Figure 1d ). These associations were absent in the CB users (r = −0.32, p = .07 for GE; r = 0.21, p = .24 for λ), and were statistically different between groups (p = .001 for GE; and p = .019 for λ). This difference suggested impaired network-coupling in the connectomes of CB users. In contrast, γ, Q, and σ did not show any significant associations withinor between-groups (all p > .10).
| Distance dependence of network-coupling association
SC had a linear association with the log-transformed distance (r = −0.49, p < 10 −10 ; Figure 2a ) and FC was linearly related to the inverse of the fiber distance between regions (r = 0.59, p < 10 −10 ; Figure 2b ), which suggests a potential distance dependence in the network-coupling associations. Subsequent analysis revealed that shorter connections (=Q 1 , the lower 25% of connection lengths, approximately <54 mm; Figure 2c ) showed significant correlations only for the healthy non-users (r = 0.42, p = .03 for GE; and r = −0.39, p = .03 for λ). CB users exhibited between-group differences with GE and λ (p = .02 for GE; and p = .03 for λ) in terms of the network-coupling associations (Figure 2d-f ), which suggests a specific impairment for short connections.
| Disrupted rich-club organization in CB users
With RC regions of SC network identified as the top 10% highly connected nodes (Figure 3a ) (Ball et al., 2014; Kim et al., 2017) , the RC coefficient showed a typical RC organization for both groups.
However, the CB users showed a decreased RC coefficient compared with non-users ( Figure 3b ). RC nodes consistently found for both groups resembled those found in previous studies (Figure 3c ) (Kim et al., 2017; Van den Heuvel & Sporns, 2011). 3.5 | Subcortical alteration in the regional SC-FC coupling RC probability for the hippocampus, caudate, and pallidum ( Figure 3d) was distributed around abnormal RC intervals (i.e., regions with the top 10% node degree) in CB users (cf. Figure 3b ) suggesting disrupted SC network organization in these subcortical areas. No other cortical regions showed such a distribution of RC probability (Supporting Information Figure S2 ). CB users had significantly increased regional SC-FC coupling at the right hippocampus (CB: 0.23 AE 0.11; HC: 0.18 AE 0.10; p = .04) and decreased coupling at the caudate (CB: 0.15 AE 0.10; HC: 0.23 AE 0.10; p = .002 in the right hemisphere; CB: 0.15 AE 0.10; HC: 0.19 AE 0.11; p = .03 in left hemisphere; Figure 3e ).
| Clinical metrics
No significant associations were found between metrics of SC-FC coupling and clinical variables (all p > .05)-that is, lifetime CB use, age of the first CB use, or the recent use (i.e., the number of uses over the past 30 days).
| DISCUSSION
This study investigated SC-FC associations in current CB users in early adulthood. There were four main findings: (i) the global level of SC-FC coupling was preserved in recent CB users, suggesting an overall intact "macroscopic" connectivity pattern across the brain of CB users; (ii) SC-FC coupling was associated with several topological characteristics of SC in non-users, such as global network efficiency (GE) and path length (λ), and these associations were not observed in CB users; (iii) the association between SC-FC coupling and network
properties was most striking for relatively shorter connections, implying a lesser degree of functional and structural communication within local regions in CB users; and (iv) impaired regional SC-FC coupling was found in the hippocampus and caudate of CB users, suggesting greater disturbances in these regions with higher levels of cannabinoid receptors (Jakabek et al., 2016) . All results remained significant after accounting for potential confounding variables, including age, education, sex, and alcohol consumption.
CB users as well as healthy non-users had a significant positive correlation between global SC and FC (i.e., globally preserved SC-FC coupling; Figure 1a,b) , which is consistent with previous SC-FC coupling studies in the sensorimotor system (Koch, Norris, & Hund-Georgiadis, 2002) , default-mode network (Greicius et al., 2009 ), cortical rich-club (RC) members (Collin, Sporns, et al., 2014b) , structural core regions (Hagmann et al., 2008) , and the whole brain (Honey et al., 2009 ) of healthy subjects. Notably, the level of SC-FC coupling did not differ between groups (Figure 1a) , which may reflect an intact global pattern of SC-FC association in CB users. CB might be associated with more pronounced local brain connectivity alterations rather than alterations in the whole brain network, reflecting by the heterogeneous distribution of cannabinoid receptors in the brain (Glass et al., 1997; Svizenska et al., 2008) .
SC-FC coupling was significantly associated with structural network measures related to communication of neural information such as the GE and characteristic path length (λ) (Figure 1b) . These relationships suggest that structural network organization optimized for communication flow is associated with globally stronger SC-FC interaction. Specifically, a more efficient brain network with shorter path length also exhibited higher SC-FC coupling in the healthy non-users. This relationship has also been observed in the course of brain maturation (Hagmann et al., 2010) . Our findings converge with other evidence that such an optimal SC-FC relationship is associated with well-integrated network properties (i.e., higher GE and shorter characteristic path length), which indicates that more efficient brain architecture with shorter path lengths may be beneficial for better neural information transfer in the brain (Latora & Marchiori, 2003) . In CB users, however, similar associations between the network topology and SC-FC coupling were absent. This attenuated correlation suggests that spatial patterns of FC constrained with SC could be altered while the overall association between SC and FC is preserved (Van den Heuvel et al., 2013; Zhang et al., 2011) . Previous studies showed that FC strength is likely to be higher at shorter distances between brain regions (Salvador et al., 2005) . Moreover, other studies indicate that the SC-FC relationship is mediated by the distance between interconnected regions (Honey et al., 2009 ). Replicating these previous findings, the SC-FC coupling of non-users was more directly related to the network measures (i.e., GE and characteristic path length) for shorter network connections, but this was not the case for users ( Figure 2) . Network characteristics were also disrupted in CB users, suggesting that local brain regions with short connections were more affected within the whole brain connectome.
Stronger expression of RC organization was found mainly in the subcortical regions as well as distributed cortical areas, highly consistent with previous RC studies in adults (Collin, Sporns, et al., 2014b; Van den Heuvel & Sporns, 2011; Van den Heuvel et al., 2013) , children (Kim et al., 2017) , and newborns (Ball et al., 2014) . Our finding of reduced RC connectivity in CB users (Figure 3b ) suggests potential connectome abnormalities, particularly around hub regions central to the integration of information transfer among distributed brain regions. Interestingly, abnormal RC connectivity was found in the hippocampus, caudate, and pallidum (Figure 3d ), regions of dense distribution of CB1 receptors in the brain (Svizenska et al., 2008) . In addition, the hippocampus and dorsal striatum play important roles in contextual learning and habit formation that maintain addictive behaviors (Koob & Volkow, 2016; Kutlu & Gould, 2016) . In the present data, the hippocampus of CB users showed higher regional SC-FC coupling, while the caudate of users had a reduced coupling level ( Figure 3e ). The hippocampus is a region with one of the highest CB1 receptor expression levels (Glass et al., 1997; Svizenska et al., 2008) , and CB-related structural and functional changes have frequently been found in this region in both human and animal models (Jager & Ramsey, 2008; Weinstein, Livny, & Weizman, 2016) . One interpretation for the study findings could be that increased SC-FC coupling in users may indicate that functional interaction through the hippocampus was influenced by CB use and was consequently more likely to depend on the underlying structural connections indicating less dynamic brain function, as similar to a previous study on schizophrenia (Van den Heuvel et al., 2013 pathways (e.g., the striatum) (Herkenham, Lynn, de Costa, & Richfield, 1991) . Further, CB use reduces the level of dopamine in the striatum, reducing dopamine synthesis in the dorsal striatum including the caudate (Bloomfield, Ashok, Volkow, & Howes, 2016 (Filbey & Dunlop, 2014) and in the dorsal striatum including the caudate during cognitive tasks (Ma et al., 2018; Zimmermann et al., 2018 ), suggesting compensatory processes. Our findings further suggest that current CB users have altered SC-FC coupling in the hippocampus and caudate.
No significant associations were found between the coupling measures and clinical variables (i.e., lifetime CB use, age of the first CB use, or the number of uses over the past 30 days). Alterations in coupling may predate exposure to cannabis use and reflect genetic or environmental factors that increase risk for substance use. It has been estimated that 50%-70% of the variation in CB use can be attributed to genetic factors and about 20% of variation reflect shared environmental factors (Bogdan, Winstone, & Agrawal, 2016) . Pagliaccio et al. (2015) found that predispositional factors accounted for the relationship between amygdala volume and CB use. Twin studies indicated that CB users showed IQ deficits that were apparent prior to initiation of CB use and could be attributed to familial factors (Jackson et al., 2016) . A recent genome-wide association study identified single-nucleotide polymorphisms at three genomic locations associated with risk for CB dependence (Sherva et al., 2016) . Thus, genetic and predisposing environmental factors may be associated with neurobehavioral changes in CB users, perhaps including SC-FC coupling.
The recently initiated NIH Adolescent and Brain Cognitive Development Study, which will follow 10,000 healthy children into adulthood in conjunction with periodic brain imaging, may allow a better understanding of the contributions of genetic factors, environmental factors and CB use on brain network organization and dynamics (Volkow et al., 2017) .
The lack of correlation between connectivity and coupling measures to CB use may also be related to the difficulty in quantifying exposure to psychoactive compounds in cannabis, the relatively short time of exposure to cannabis in this young adult sample and the exclusion of CB users with any other psychiatric or substance use disorder.
Variability in THC and cannabidiol (CBD) dosage in cannabis products, differences in mode of administration and individual differences in metabolism of cannabinoids are difficult or impossible to assess by self-report methods (Ponto, 2006 (Agosti, Nunes, & Levin, 2002; Connor et al., 2013) .
This study has several limitations. First, SC-FC coupling measures in the present data were not significantly correlated with self-reported measures of recent or lifetime exposures. Therefore, it should be noted that the between-group effects attributed to CB use may be due at least in part to other between-group effects. Second, only structural and functional node pairs, linked by direct anatomical connections, were used to compute SC-FC coupling. Because FC can also result from fewer interactions along multi-step structural paths (Honey et al., 2009) , additional effects due to these indirect effects should not be underrated. SC was defined by the streamline counts extracted from our tractography technique. This may not be sufficient to reflect the true biological estimate of anatomical connectivity among distributed brain regions, since estimates from reconstructed fiber tracts are not considered to be directly equivalent to the density of axonal bundles, but rather an abstraction derived from the tracking algorithm. Furthermore, although we examined the brain network at a relatively high spatial resolution (=1,014) and with a probabilistic tractography allowing multiple connections to achieve a minimal risk of type 2 error, some portion of extracted fibers might be still inaccurate due to complex fiber structure not resolved with the underlying tensor model, partial volume effects, and distance-dependent biases during fiber tracking (Zalesky et al., 2012) . FC at rest is now widely considered to be dynamic over time (Hutchison et al., 2013) , while the underlying SC profile is relatively static. Therefore, the SC-FC coupling might not have a simple one-to-one correspondence with each other. Indeed, some studies have shown that different network states exhibited at different times during resting state show different levels of correspondence with the anatomical connectivity (Barttfeld et al., 2015) . Future studies examining SC-FC coupling over time in CB users would be highly informative.
Overall, the present study suggested that while global SC-FC coupling was preserved in CB users, rich-club analysis revealed impaired SC-FC coupling in the hippocampus and caudate of users.
Additionally, the association between SC-FC coupling and the brain's network topological characteristics was disrupted in CB users. This effect was predominant in shorter connections of the brain network, suggesting that the impact of CB use or predispositional factors may be most apparent in local interconnections. In terms of future research issues, replication of findings in early adolescence and later adulthood would help clarify the relation of SC-FC coupling alterations to age and duration of use. Research designs utilizing longitudinal tracking of at-risk persons, direct administration of cannabinoids while imaging and genetically informed designs could clarify whether these disturbances are consequences of CB use or neurodevelopmental factors which predate initiation of CB use. Finally, animal models of CB exposure could help characterize the cellular basis of these alterations in SC-FC coupling.
